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RIC1IV1D 

REMARKS CENTRAL PAX CENTER 

FEB 1 1 2008 

Status of the Claims 

Claims 8, 9, 14, 15 and 32 are pending, Claims 8, 9, 14, 15 and 32 

are rejected. 

Claim 8 is amended and claim 9 is canceled herein. No new matter 
is added to these claims. 

Claim amendments 

Claim 8 is amended by incorporating the limitation of canceled 
claim 9. Accordingly, amended claim 8 is drawn to a method of inhibiting avp3 
and/or a5pi integrin ligand-mediated cell-cell interaction. This method comprises 
contacting the cells with an antibody directed against a peptide consisting of SEQ 
ID No. 41 or consisting of SEQ ID No. 2 that is derived from a cell surface 
vascular endothelial growth factor and type I collagen inducible protein (VCIP) 
consisting of SEQ ID No. 13. The contact with the antibody blocks binding of 
avp3 and/or a5p1 integrins to the cell surface vascular endothelial growth factor 
and type I collagen inducible protein (VCIP), thereby inhibiting the avp3 and/or 
a5pi integrin ligand-mediated cell-cell interaction. This amendment is supported 
by the teachings in Examples 1 5-29 of the instant specification. 
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The 35 U. S.C S1Q2fc») Rgj Arti™ 

Claims 8-9 and 14-15 stand rejected under 35 U.S.C. §l02(b) as 
being anticipated by Vassilev at at (Blood. 1999 Jun 1 ; 93(1 1): 3624-31) as is 
evidenced by Bendayan (J Histochem Cytochem 1995, 43: 881-886). 
Applicants respectfully traverse this rejection. 

On page 3 of the Final Office Action, the Examiner agrees with the 
Applicant's argument that the structural scaffold of RGD containing protein is 
important in a functionally optimal conformation. However, the Examiner 
disagrees with the Applicant that one of skill in the art cannot assume that 
referenced anti-RGD antibody taught by Vassilev et at would bind the VCIP 
protein. The Examiner provides following reasons for disagreeing with the 
Applicant. First, the Examiner argues that the referenced antibody recognizes 
and binds a motif that is present in several RGD containing proteins and 
peptides. Accordingly, the Examiner states that the anti-RGD antibodies taught 
by Vassilev et al would bind the claimed SEQ ID NOsr 41 , 2 and 13 because 
they contain the RGD-motif, where the antibody would function as the claimed 
antibodies, irrespective of the conformation of the RGD sequence in the 
individual proteins. Secondly, the Examiner argues that because VCIP possess a 
RGD binding motif similar to those found in native ligands such as fibronectin, 
fibrinogen, vitronectin. VWF and laminin, the anti-RGD antibody taught by 
Vassilev etal inherently binds to the claimed VCIP protein. The shared scaffold 
is used for a stereochemical presentation of the RGD site for receptor 
recognition, which makes the RGD epitope accessible to the antibody. 
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In conclusion, the Examiner maintains that contrary to Applicant's 
argument, the anti-RGD antibody of Vassilev et al would bind to all the claimed 
VCIP of SEQ ID NO: 13 and peptides of SEQ ID NOs: 2 and 41 because they all 
possess the RGD epitope which the anti-RGD antibody recognizes irrespective 
of the structural conformation of the RGD. Applicants respectfully disagree with 
the Examiner. 

The instant invention teaches a specific antibody that is directed 
against a peptide of SEQ ID NO: 41 (5 amino acids) or a peptide of SEQ ID NO: 
2 (20 amino acids). Both of these peptides are derived from VCIP of SEQ ID NO: 
13 (31 1 amino acids). The instant antibody was able to block binding of av03 
and/or a501 integrins to the cell surface. Prior to the filing of the instant invention, 
it was known in the art that av|53 and avp5 integrins bind both the proximal RGD 
site and non-RGD motifs within noncollagenous domain of the a3 chain of Type 
IV Collagen. In other words, both the RGD and non-RGD motifs contribute to the 
mechanism of endothelial cell adhesion in the human vasculature (Pedchenko et 
al., J Biol Chem., 279(4): 2772-2780, 2004). Thus, the instant invention 
demonstrates for the first time that the RGD motif of VCIP was a potent ligand for 
a subset of integrins. 

In distinct contrast, Vassilev et al teach an antibody that was 
specific to a 10 amino acid peptide. The length of this peptide and the non-RGD 
motifs within this peptide are not the same as the instant peptides. Furthermore, 
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Vassilev et al teach that their antibodies could bind to fibronectin, fibrinogen, 
vitronectin, VWF and laminin. These proteins have non-RGD motifs that differ 
from the non-RGD motifs of VCIP and the instant peptides. Hence, these 
proteins will fold in a manner that is different from that of VCfP or the peptides 
derived from VCIP. 

Applicants respectfully reiterate that length of the peptides and 
conformation of the peptides are very important in generation of an antibody. 
Although the Examiner does not agree with the Applicants, it is known in the art 
that amino acid residues within a protein or a peptide have distinct charges or 
structure, which in turn affect the stability and/or conformation of the protein and 
further affects the specificity of the antibody. As a result, it cannot be assumed 
that the antibody generated by Vassilev et al is the same as the instantly 
claimed antibody. 

Applicants provide evidence herein to affirm the position that 
specificity of an antibody for an antigen is conferred by chemical complementarity 
between the antigen and its specific binding site, in terms of shape and location 
of charged, non-polar and hydrogen-bonding groups (Lehninger, Principles of 
Biochemistry, 3 rd Edn,, pg, 230-231). The instant claims do not recite using 
antibodies directed against RGD epitope, but instead recite specific peptide 
sequences that are not taught by Vassilev et a/. Hence, based on the teachings 
of Vassilev et al and the knowfedge in the art regarding proteins, one cannot 
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assume that the antibodies taught by Vassilev et al would afso bind the VCIP 
protein and more importantly, inhibit <xv|53 and/or a501 integrin-mediated cell-cell 
interaction as recited in the instant claims. 

In order to anticipate a claim, each and every element of the claim 
should be described in a single prior art reference. More importantly, the identical 
invention must be shown in as complete detail as is contained in the instant 
invention. Additionally, inherency may not be established by probabilities or 
possibilities. Applicants reiterate that just because the instant peptides have RGD 
epitope does not necessarily mean that the antibody taught by Vassilev et al will 
also bind these instant peptides for reasons discussed supra. Hence, Applicants 
submit that claims 8-9 and 14-15 are not anticipated by Vassilev et aL 
Accordingly, based on the amendments and remarks presented herein, Applicant 
respectfully requests the withdrawal of rejection of claims 8-9 and 14-15 under 35 
U.S.C.§1 02(b). 

The 35 U.S.C. S1 03(a) Rejection 

Claims 15 and 32 stand rejected under 35 U.S.C. 103(a)- as being 
unpatentable over US Patent No. 5,807,819 in view of US Patent No. 5,567,440 
and Vassilev et al as is evidenced by Bendayan (J Histochem Cytochem 1995, 
43: 881-886). Applicants respectfully traverse this rejection. 
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On page 4 of the Final Office Action, the Examiner discusses 
reasons for finding Applicant's previous argument drawn to difference in the 
conformation of the RGD sequence in the individual proteins for lack of 
expectation of success in substituting the antibody of Vassilev et al in the instant 
method unpersuasive. Herein, the Examiner states that Applicant's arguments 
attempts to limit the antibody binding the peptide/protein with SEQ ID NO: 2, 13 
and 41 in a manner inconsistent with the well-known and art-recognized 
specificity of antibody interaction with epitopes defined by particular amino acid 
sequences. Specifically, the Examiner states that since an antibody is known to 
cross-react (bind more than one protein based on shared amino acid sequence), 
the anti-RGD antibody taught by Vassilev et al would inherently bind the claimed 
VCIP, irrespective of the structural conformation of RGD. Based on this, the 
Examiner maintains the rejection of the claims. Applicants respectfully disagree 
with the Examiner. 

As discussed supra, the instant methods use antibodies that are 
drawn to specific peptides (SEQ ID NOs: 2 and 41) that are either shorter or 
longer in length than the peptide used by Vassilev et al or different from those 
taught in US Patent No. 5,807,819 and US Patent No. 5,667,440. Furthermore, 
the amino acids adjacent to the RGD motif in the peptide of Vassilev et al and 
US Patent No. 5,807,819 and US Patent No. 5,567,440 are different from the 
peptides with SEQ ID NOs: 2 and 41. As discussed supra, the evidence 
provided by Applicants (Lehninger) teach that all the amino acids residues within 
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the antigen are important in determining the specificity of antibody. Therefore, if 
the peptides or proteins differ in the type of amino acid residues within them, then 
they will fold differently, which in turn will affect exposure of the specific epitope. 
Hence, contrary to the Examiner's stand, the conformation of the protein is very 
important. 

Furthermore, with regards to cross-reactivity of an antibody, the 
specificity of an antibody can be improved by altering the length or the types of 
amino acids within the protein or peptide. This is known strategy used by one 
skilled in the art. As discussed supra, peptides taught by US Patent No. 
5,807,819 and US Patent No. 5,567,440 are different from the instant peptides 
since these prior art references teach using cyclic RGD peptides to alter integrin- 
mediated cell-cell interaction. Additionally, the sequence of peptide taught by 
Vassilev et al is also different from the instant peptides. For reasons discussed 
supra, the antibodies generated against these peptides will be different. Hence, 
Applicants submit that one skilled in the art cannot expect success in arriving at 
the instantly claimed methods just based on the teachings of these prior art 
references. Accordingly, based on the amendments and remarks presented herein, 
Applicant respectfully requests the withdrawal of rejection of claims 15 and 32 
under 35 U.S.C. §1 03(a). 

This is intended to be a complete response to the Final Office 
Action mailed October 10, 2007. Applicants also enclose a Petition for Extension 
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of Time and PTO Form- 2038 along with the response. Applicant submits that the 
pending claims are in condition for allowance. If any issues remain outstanding, 
please telephone the undersigned attorney of record for immediate resolution. 



ADLER & ASSOCIATES 
8011 Candle Lane 
Houston, Texas 77071 
(713)270-5391 (tel.) 
(713) 270-5361 (fax.) 
BEN@adlerandassociates.com 



Respectfully submitted. 




Benjamin Aaron Adler, Ph.D., J. D. 
Registration No. 35,423 
Counsel for Applicant 
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230 Part II Structure and Catalysis 



The IgG describee* above is the xnajor antibody in secondary immune re- 
sponses, which are iniciated by memory B cells. As part of the orgarusm's 
ongoing immunity to antigens already encountered and dealt with, IgG is 
the most abundant immunoglobulin in the blood. When IgG binds to an in- 
vading bacterium or virus, it not only activates the complement system, but 
also activates certain leukocytes such as macrophages to engulf and destroy 
the invader. Yet another class of receptors on the cell surface of macrophages 
recognizes and binds the Fc region of IgG. When these Fc receptors bind an 
antibody-pathogen complex, the macrophage engulfs the complex by 
phagocytosis (Fig. 7-26). 



figure 7-26 

Phagocytosis of an antibody-bound virus by a 
macrophage. The Fc regions of the antibodies bind to Fc 
receptors on the surface of the macrophage, triggering 
the macrophage to engulf and destroy the virus. 




IgC-coated 
virus 

Fc region 
of IgG 

IgGFc 
receptor 

IsE plays an important role in the allergic response, interacting with ba- 
seplate (phagocytic leukocytes) in the blood and histamine-secretjng cells 
caUed m^tTellS that are widely distributed in tissues. Tnis iiomunoglobu- 
to binds, through its Fc region, to : special Fc receptors on the ^°P^J r 
mast cells. In this form, IgE serves as a kind of receptor for antogen. H ^tt- 
gen is bound, the cells are induced to secrete histamine and other biologi- 
cally active anunes that cause dilation and increased petfnea bdity of blood 
S These effects on the blood vessels are thought to facilitate the 
movement of immune system cells and proteins to sites of inflammation 
?hIySo produce the symptoms normally associated with allergies. Pollen 
or other allergens are recognized as foreign, triggering an immune response 
normally-reserved for pathogens. 

Antibodies Bind Tightly and Specifically to Antigen 

The binding specificity of an antibody is determined by the amino acid 

£*ese domains are variable, but not equally so. Some, parti^ those. 
Sung the antigen-binding site, are hypervariable^ea^ ^ t^ar 
Soecificity is conferred by chemical complementary between the antigen 
S peck binding site, in terms of shape and the location of charge* 
Solar and hydrogen-bonding groups. For example, a binding s«* wxttu 
nSatively charged group may bind an antigen with a positive ^charge , mthj 
co^enS POsitioX In many instances, complementarity is achieved 
ScSS^the structures of antigen and binding site are influenced by 
^h oSSing the approach of the ligand. C <>^™^^Z£ 
the antibody and/or the antigen then occur aUow^ompiementary 
groups to interact fully,Thi3 is an example of induced fit (Jig. 7-27}. 
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Conformation with 
no antigen bound 
(a) 



Antigen bound 

(hidden) 
(b) 



^'typical antibody-antigen interaction is quite strong, characterized by 
lues as low as 10 10 to (recall that a lower #" d corresponds to a stronger 
^ rig interaction). The K d reflects the energy derived from the various 
l^hydrogen-bonding, hydrophobic, and van der Waals interactions that 
>me : the binding. The binding energy required to produce &K a of 10~ 10 m 
|t65kJ/rnoL 

Complex Of a peptide derived from HIV Ca model antigen) and an Fab 
gjjfle illustrates some of these properties (Fig. 7-27). The changes in 
1 j|e observed on antigen binding are particularly striking in this example. 

|ntibody-Antigen Interaction Is the Basis for a Variety 
Jmffortant Analytical Procedures 

.ordinary binding affinity and specificity of antibodies makes them 
J|. analytical reagents. Two types of antibody preparations are in use: 
§g|wl and monoclonal Polyclonal antibodies are those produced by 
*|pff eren t B lymphocytes responding to one antigen, such as a protein 
m into an animal. Cells in the population of B lymphocytes produce 
Pies that bind specific, different epitopes within the antigen. Thus, 
' pial preparations contain a mixture of antibodies that recognize dif- 
jparts of the protein. Monoclonal antibodies, in contrast, are syn- 
|d by a population of identical B cells (a clone) grown in cell culture, 
^[antibodies are homogeneous, all recognizing the same epitope. The 
^Kj.ues for producing monoclonal antibodies were developed by 
[«;KohJer and Cesar MUstein. 
~ iv spedfidt ^ of ^bodies has practical uses. A selected antibody can 
J^lently attached to a resin and used in a chromatography column of 
gggi shown in Figure 5-18c. When a mixture of proteins is added to the 
'm the antibody will specifically bind its target protein and recain it on 
°|unn while other proteins are washed through. The target protein can 
eluied from the resin by a salt solution or some other agent. Tins is 
tool for protein purification. 

ther versatile analytical technique, an antibody is attached to a 
* label or some other reagent that makes it easy to detect. When 
}°ody binds the target protein, the label reveals the presence of the 
^ a solution or its location in a gel or even a living cell. Several 
£5 01 this procedure are illustrated in Figure 7-28. 





Antigen bound 
(shown) 
(c) 

figure 7-27 

Induced fit in the binding of an antigen to IgG. The 

molecule, shown in surface contour, is the Fab fragment 
Of an IgG. The antigen this IgG binds is a small peptide 
derived from H/v, Two residues from the heavy chain 
(blue) and one from the light chain (pink) are colored to 
provide visual points Of reference, (a) view of the Fab 
fragment looking down on the antigen-binding site. ' 

(b) The same View, but here the Fab fragment is in the 
"bound" conformation; the antigen has been omitted 
from the image to provide an unobstructed view of the 
altered binding site. Note how the binding cavity has 
enlarged and several groups have shifted position. 

(c) The same view as in (b), but wrth the antigen pictured 
in the binding site as a red stick structure. 




Georges Kahter 




Cesar Milstein 
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Ov/Ja and 0^05 Integrins Bind Both the Proximal RGD Site and 
Non-RGD Motifs within Noncollagenous (NCI) Domain of the a:3 
Chain of Type IV Collagen 

IMPLICATION FOR THE MECHANISM OF ENDOTHELIAL CELL ADHESION* 

Received for publication, October 30, 2003 
Published, JBC Papers in Press, November 10, 2003, DOI 10. 1074flbc_M3 11901200 

Vadim Pedchenko^D, Roy Zent$§H, and Billy G- HudsoniS**** 

From the ^Division of Nephrology, the ^Center for Matrix Biology, the **Department of Biochemistry, 
and the Weterans Affairs Hospital, VanderbUl University Medical Center, Nashville, Tennessee 37232 



The NCI domains of human type IV collagen, in par- 
ticular t*3NCl f are inhibitors of angiogenics and tumor 
growth (Petitclerc, E*, Boutmid* A+ t Preetayko, A* f Xu, J*, 
Sado, Yr, Ninomiya* Y>, Sarras, M. P., Jr., Hudson, B, G v 
and Brooks, P. C. (2000) J. Biol Chem. 275, 8051-8061). 
The recombinant «SNC1 domain contained a RGD site 
as part of a short collagenous sequence at the N termi- 
nus, designated herein as RGD-atSNCJ, Others, using 
synthetic peptides, have concluded that this RGD site is 
nonfunctional in cell adhesion, and therefore, the anti- 
angiogenic activity is attributed exclusively to ii v t\ ^ TL " 
tegrin interactions with non-RGD motifs of the RGD- 
oSNCl domain (Maes hi ma* Y., Colorado* P, C» and 
Kailuri, R, (2000) J. BioL Chem. 275, 23745-23750). This 
nonfunctionality is surprising given that RGD is a bind- 
ing site for o^fo integrin in several proteins. In the pres- 
ent study, we used the o&NCl domain with or without 
the RGD site, expressed in HEK £93 cells for native con- 
formation, as an alternative approach to synthetic pep- 
tides to assess the functionality of the RGD site and 
non-RGD motifs. Our results demonstrate a predomi- 
nant role of the RGD site for endothelial adhesion and 
for binding of a^fa and <x+P& integrins. Moreover, we 
demonstrate that the two non-RGD peptides, previously 
identified as the c^fo integrin-binding sites of the 
<*3NC1 domain, are 10-fold less potent in competing for 
in tegrin binding than the native protein, indicating the 
importance of additional structural and/or conforma- 
tional features of the <*3NC1 domain for intcgrin bind- 
ing* Therefore, the RGD site, in addition to non-RGD 
motifs, may contribute to the mechanisms of endothelial 
cell adhesion in the human vasculature and the anti- 
angiogenio activity of the RGD-tr3NCl domain* 



Type IV collagen is the major constituent of basement mem- 
branes, a specialized form of extracellular matrix underlying 
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cian Statutist Award from the National Kidney Foundation (to R. Z.). 
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payment of page charges. This article must therefore be hereby marked 
-advertisement" in accordance with 18 U.S.C Section 1734 solely to 
indicate this fact. 
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all epithelia, that compartmentalizes tissues and provides mo- 
lecular signals for influencing cell behavior. The type IV colla- 
gen family is comprised of six a-chains (cel-a6) that assemble 
into three kinds of triple-helical protomers of different chain 
composition. Each protomer has three functional domains; a 7 
S domain at the N temunus, a long triple-helical collagenous 
domain in the middle of the molecule, and a trimeric noncol- 
lagenous (NCI) domain at the C terrnjj&us- Protomers eelf- 
assemble into networks by end-to-end associations that connect 
four 7 S domains at one end and connect two NCI trimeric 
domains at the other end, forming an NCI hexamer configura- 
tion (1). Three types of networks are known' an al-orl*a2 net- 
work, present in the basement membranes of all tissues and 
animal phyla and a3-a4-a5 and arl'a2-a5'.a6 networks that have 
a restricted tissue distribution. These networks are essential 
for tissue development and function. They provide mechanical 
stability, a scaffold for assembly of other macro molecular com* 
ponents, and act as a ligand for integrins, receptors that me* 
diate cell adhesion, migration, growth, and differentiation. 

Cell adhesion to the ubiquitous al-al-cc2 (TV) network has 
been demonstrated for a variety of cell types (2-4), including 
endothelial (5, 6) and tumor cell lines (7, 8). It is mediated by 
in tegrin binding to both triple-helical and NCI domains. Spe- 
cifically, integrins and ot^ x were identified as majoT re- 
ceptors for the collagenous domain (9), and their binding sites 
have been subsequently mapped (10, 11). Additional integrins, 
such as a 3 0 A , that bind the triple-helical domain may be in- 
volved (12, 13). The NCI domain was initially characterized as 
a ligand for cc x P\ <*aPi integrins in human mesangial cells 
(4), and binding of ct x p x integrin to recombinant alNCl was 
later confirmed (14). In contrast, recombinant a2NCl was iden- 
tified as a novel ligand for a different subset of mtegrins (ovp 3 , 
a*0«, end a 9 0t) in endothelial cells, suggesting the existence of 
a non-RGD-binding motif (15). 

Cell adhesion to the «3*«4*o6CIV) network is less understood 
because only the recombinant NCI domains are available for 
study. It is interesting that the individual human NCI do- 
mains, expressed in mammalian cells, have strikingly different 
effects on endothelial cells. The «3NC1 domain strongly acti- 
vates both adhesion and migration, whereas the «4NC1 and 
«5NC1 domains are inactive (15), despite high sequence homol- 
ogy among all three NCI domains, suggesting that the or3NCl 
domain contains unique structural deterniinants mediating 
these effects. Experiments with neutralizing antibodies pro- 
vided the first evidence that endothelial cell adhesion to c<3NCl 
domain was mediated by gl+P$ integrin (15). In these studies, 
the recombinant protein contained a RGD site within a 12- 
residue collagenous sequence proximal to the «3NC1 domain. 

>i//www.Jbc.ofg 
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domain. These finding* suggest that both motifs may contrib- 
ute to tfce anti-angiogenic activity of the BGO*ar3NCl domain. 
EXFEBIMENTA1. PROCEDURES 
Ma Wa-Monodonal antibodies Mab-3 to crfNCl worn purchased 
fVom Wieslab AB (Lund, Sweden)- Goodpasture auto^odieswera 
poised from GP 1 human serum by affinity chromatography on protein 

Purified a,*, ud 

mSgrin aoubcdies LM609 (anti-aji,) and P1F6 <^*^££ 
Chemicon (Temecula, CA). Integrin monoclonal antibodies P2W7 (anti- 
3 ^^^ ) were from Santa ^ (Santa Cruz, C^; mom> 
danal antibodies AI1B2 Canti-ft) and BI1G2 (an**,), developed I by I* 
Caroline H. Damaky, were obtained from the I>evelopmental Studies 
H^ridoma Bank ^ivereity of low*. t*wa City IA). M2 monoclonal 
^bodies to FLAG peptide, RGDS peptide^d fib^to were from 
Sterna- vitronectin was from ToKaRa Biomedicals (Shiga, Japan). Syn- 
S' pepTdes T3 (LQRFTTM^FLFCNVNDyCNF) and 185-203 
(CNYYSNSYSFWLASLNPER) were purchased fmm Multiple Peptide 
Synthesie (San Diego, CA) and SynPep S 
Cell Culture— Human umbUical vein endothelial cells (HUVEC) were 
obtained from BioWhittaker (Charlotte, NC). The cells were grown in 
EGM-2 MV medium (BioWWttaker) and used betwe^ paaflag* S and?. 

Profei^-Becombmant human NCI domain* of type TV collagen 
that carried the FLAG sequence on the N terminus were stably ex- 
pressed in HEK 293 cells and purified from conditioned medium by 
affinity chromatography on and-FXAG J^arae as ^^b.d pre^ly 
(27) o3NCl domain was created aa a deletion mutant of RGI>-a3N^1 
lacking 12 amino add residues from the N teiimnus by PGR uamg 
RGD-a3/pRC/CMV expression vector as a teumlate ^ 
primers: 5'-ATA TGC TAG CTG CAA CCT CGA CAA CGA GAG (for- 
ward) and 6'-CAG CGA GCT CTA GCA TTT AGG (reverse). Purified 
PCR product was digested with Nhel and Apal restriction enzymes and 
subclone* into the pRc/CMV vector for protein expression- Prior to 
transfoction in HEK 293 cells, the o3NCl insert was sequenced w. both 
directions to verify the sequence. , 

Cell Adhesion A^^Proteins in TBS buffer or synthetic peptides in 
50 mM NaaCO^NaHCO, buffer, pH 9.5. were inimobuized on 96-well 
plates (Nunc. Rochester, NY) at 4 °C overnight. Nonspecific binding 
rite* were blocked with 1% BSA in TBS for 2 h at SO'C. and the wells 
were washed twice with TBS. Subconfluent KUVEC were ^"ted, 
washed, and resuspended in adhesion buffer containing Hams F-12/ 
Dulbecco's modified Eaglet medium. 1 mM MgCl* 0,2 mM MnCl*, and 
0.6% BSA. 6 x 10* cello were added to each well and allowed to attach 
for 60 min at 37 *C in a CO z incubator. In some experiments, the cells 
were pretreated for 30 min with in tegruvspeciwc antibodies or peptides 
prior to their addition to the wells. After removal of the nonattached 
cells by washing with TBS, the attached cells were fixed and stained 
with 0 1% crystal violet as described (28). The wells were washed three 
times with TBS, and cell-associated crystal violet was eluted by the 
Addition of 100 of 10% acetic acid. Cell adhesion was quantified by 
measuring the absorb ance of eluted dye at 595 mn with a microtiter 
plate reader. All of the presented data were corrected for background 
binding in blank wells blocked with BSA. 

Cell Membraru Labeling— RXJVEC were grown in EGM-2 MV me- 
dium, detached from culture dishes with 2 mM EDTA in Hanks' bal- 
anced salt solution, and collected by cantriiugatfon for ©" min at 800 X 
g. After two washes with cold phosphate-buffered saline, the cells were 
resuspended in phosphate-buffered saline at 1 x 10 T cells/ml. Sulfo- 
NHS-biotin (Pierce) waa added to a final concentration of 100 u^ml and 
incubated with cells for I h at room temperature with gentle nnxing. 
The cells (1 X 10 e ) were washed three tlmeB with cold phosphate- 
buffered saline, i mM MgCl Q , 1 mM MnCl,, 1 mM phenylmethylsulfonyl 
fluoride and extracted for SO min at 4 *C with TBS containing 100 mM 
octylglucoside, 1 mM CaCl ft , 1 mM MgCl 3 , 1 mw MnCl, with protease 
inhibitors (1 mM phenylmethylsulfonyl fluoride, 0.2 mM banzamidine, X 
^ig/ml leupeptin, 1 ug/ml pepstatin, and 1 jug/ml aprotinin). The super- 
natant was collected after centrifugation for 30 min at 16,000 X g and 
stored at -70 °C. 

Affinity Chromatography — Purified recombinant RGD-ct3NCJ 1 (1 
mg/ml of resin) was coupled to the Affi-Gel 10 (Bio-Rad) in 0.1 m MOPS 
buffer, pH 7.0. The remaining active groups were blocked with 0-1 M 
diethsnolamine. Coupling efficiency was 75% as determined by ahsorb- 

1 The abbreviations used are: GP, Goodpasture; BSA, bovine serum 
albumin; HUVEC, human umbilical vein endothelial cells ; TBS, Tris- 
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In this report this recombinant protein is designated RGD- 
*3NC1 to emphasis the presence of the RGB site. Cell adhe- 
sion to the RGD-a3NCl domain could be mediated by ot^s 
binding to the RGD sequence, a well known integrin-hinding 
site in numerous proteins, or to non^RGD motift withmthe 
a3NCl domain. In a subsequent study, Maeahima et o/. (16? 
showed that this RGD site of the RGD-«3NC1 domain, termed 
tumstatin, was nonfunctional in cell adhesion and concluded 
that it does not bind c*J3 8 integrin. Instead, they identified a 
non-RGD region comprising residues 54-132 of the a3NCl 
domain that bound the ^fh integrin, which was later narrowed 
down to 25 residues using deletion mutagenesis and synthetic 
peptides (17). Another non-RGD region of the a3NCl domain, 
residues 185-203, identified by Han et ai (18) was demon- 
strated to inhibit proliferation of melanoma cells, and the re- 
ceptor for this synthetic peptide was identified as af T 0 3 integrin 
by affinity chromatography (19). Whether these two oon-RGD 
motifs quantitatively account for tha adhesive activity of the 
native RGD-c*3NCl domain and its capacity to bind c^fa inte- 
grin has not been addressed. 

The NCI domains of certain ^-chains of type IV collagen, also 
display activity as mhihitors of angiogeneais and tumor 
growth. The capacity of the exogenous alNCl and a2NCl 
domains to disrupt basement membrane assembly, blocking 
tissue development in vivo, was first described in Hydra vul- 
garis (20). This observation led us to evaluate the capacity of 
individual recombinant NCl domains to perturb the basement 
membrane assembly of developing blood vessels. The «2NC1, 
RGD^a3NCl, and a6NCl domains potently inhibited both an- 
giogenesis and tumor growth in a chick chorioallantoic mem- 
brane system, with RGD-aSNCl exhibiting the strongest effect, 
whereas NCI domains of the ol, <*4 ? and «5 chains had no 
effect. This inhibitory activity ia presumably mediated by the 
c^ftj integrin binding to the RGD and/or non-RGt) motifs (15). 
Subsequent studies have revealed that the anti-angiogenic ac- 
tivity of RGD-aSNCl domain (tumstatin) is potentially associ- 
ated with inhibition of cell proliferation, induction of apoptosis, 
and activation of caspase-3 specifically in endothelial cells (21). 
Furthermore, it has been shown that both tumstatin and its 
non-RGD peptide inhibit cap-dependent translation only in 
endothelial cells through negative regulation of mTOR signal- 
ing (22» 23), implicating that the anti-angiogenic activity de- 
pends on binding of the ov0 a integrin to non-RGD motifs but 
not to the RGD, More recent studies lead to the supposition 
that the a3NCl domain can function as an endogenous sup- 
pressor of mtegrin-mediated pathologic angiogenesis and 
tumor growth (24). The finding that the RGD site is nonfunc- 
tional for ovfti integrin binding, revealed with synthetic pep- 
tides, is surprising, because it is a key binding site in several 
matrix proteins (25, 26). 

An understanding of the molecular mechanism of integrin- 
mediated ceD adhesion of the RGD-«3NC1 domain is ulti- 
mately important givan the potential role of this protein as a 
pharmacological and endogenous regulator of angiogenesis and 
tumor growth. This requires identification of the integrin re- 
ceptors, recognition sites within RGD-aSNCl domain, and the 
ligand contact points within the integTin, In the present study, 
an alternative to the synthetic peptides approach was used to 
assess the functionality of the RGD and non-RGD motifs in the 
context of native protein conformation. This was accomplished 
by using recombinant proteins/chimeras with and without the 
RGD sequence, expressed in mammalian cella to ensure native 
conformation, for endothelial cell adhesion and integrin bind- 
ing assays. Our results provide unambiguous evidence that 
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Fig. 1. A, aligned amino acid sequence of recombinant NCI domains. Ammo acid residues in the RGD-aS identical to «3NC1 and n RG£*1 
identical to those in alNCl are represented by dashes. RGD site and sequences corresponding to synthetic peptides T3 (56-75) and 185-203 in 
o3NCl are underlined. The 22 N-terminal amino acids substituted for RGCM*3 in RGD-otl (formerly published aa chimera ^u;j ^baxed. n y 
Western immwaoblotting of recombinant NCI domains with antwFLAG (M2). GP and Mab-S antibodies- Lane J, RGD-a3NCl; lone 2, o3NCl; W 
3, RGD-«LNCl. C and O, space-filling model (C) and topology diagram (D) of RGD-a3NCl based on the published crystal structure of alNCl 
domain from NCl heiamer (44). The positions of the RGD, T3, and 186-203 sites are marked. 



ance of unbound protein at 280 run. The column was washed with 1 M 
NaCl in TBS. pH 7.4, and equilibrated with washing buffer (TBS, 1 mM 
Cad*, 1 mM MgClj, 1 mM MoCIa, 60 mM octylglucoside with protease 
inhibitors). Biotinylated HUVEC extract was loaded on the RGD- 
adNCl column and incubated for 60 nun. The column was washed with 
washing bufTer and eluted with 10 mM EDTA in TBS, 50 mM octylglu- 
coaide, and protease inhibitors. 0.5-ml fractions were collected; and 
20-ul aliquot* were tested for the presence of biotin by direct enzyme^ 
linked immunosorbent assay using streptaYidin-horseradish peroxi- 
dase conjugate (1:1.0,000; Roche Applied Science). Positive fractions 
were pooled, supplemented with 20 mM MgCl* 10 mM MnCIa, and 
dialyzed against TBS, 1 mM MgCIa, 1 tom MnCL^ 0.02% NaN,. 

Immunoprecipitation /Western Blotting — Protein A/G-agarose was 
preabsorbed with unlabeled HUVEC protein extract prepared as de- 
scribed above, Aliquots of diatyzed fraction eluted from RGD-<r3NCl 
affinity column were pre incubated with integrin antibodies in imrau- 
noprecipitation buffer (TBS, 1 oxm MgCl 3 , 0.5% Nonidet P-40, 0,1% 
8SA) for 2 h at 4 °C followed by incubation with protein A/G-agarose 
beads for 6 h at 4 *C- The beads were washed once with immunopre- 
cipitation buffer and four times with modified RIPA buffer (TBS, 1% 
Nonidet F-40, 0.5% deoxycholate), Immunopreeipitated proteins were 
run on 6% 3DS-PAGE, transferred to nitrocellulose membranes, incu- 
bated with streprtavidin-horseradish peroxidase conjugate, and visual- 
ized by enhanced chemiluminesoence (Pierce), 

Solid Phase Ligand Binding Assay — Micro titer plates were coated 
with various proteins and blocked with \% B3 A/TBS as described for 
cell adhesion assay. Purified integrins were overlaid in binding buffer 
(TBS, 0.1% BSA, 1 mM MgCl a , 0.2 mM MnCl„ 5 mM octylglucoside) and 
incubated for 2h at 30 *C. The plates were washed three times with 



extensive washes, the bound antibodies were detected using alkaline 
phosphataSC'COOjugated anti-mouse IgG antibodies. p-Nitrophenyl 
phosphate substrate (Sigma) was added to the wells, and absorbance 
was measured at 410 run. Nonspecific binding obtained by preincuba- 
tion of purified integrins with 10 mM EDTA for 30 min at 4 *C was 
subtracted from all of the obtained values. 

Statistical Ajmlysis~~The data are expressed as the means * S.D., 
and statistical analysis was performed ustog Student's r test for un- 
paired samples. Differences were considered statistically significant if 
the p values were less than 0-05. 

RESULTS 

Experimental Strategy and Expression of Recombinant NCI 
Domains /Chimerav— In our earlier studios, the human a3NCl 
domain was expressed as a recombinant protein containing a 
12-reeidue collagenous sequence at the N terminus, as a strat- 
egy to map the locations of epitopes for GP autoantibodies (29, 
30), The entire sequence was required to match that of the 
native fragment, produced by coilagenase digestion of native 
basement membranes, to ensure the preservation of epitopes 
(31). Subsequently, we used this protein in studies of ceU ad- 
hesion, migration, tumor growth, and angiogenesia (15). This 
recombinant protein, equivalent to tumstatdba (NCBI accession 
number AAF72632) in other reports (16, 21), is designated 
herein as RGD-o:3NCl (Fig. 1A) to denote the presence of the 
RGD site in the short collagenous sequence and to distinguish 
it from nrntein containing nnlv the ar3NCl domain, likewise, 
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short collagenous region of «3 chain containing the RGD site, is 
designated RGD-alNCl. 

In the present study, we examined the functionality of the 
proximal RGD site and the non-RGD motifs of the RGt>-a3NCl 
domain in endothelial cell adhesion and integrin binding. To do 
this, we expressed the a3NCl with and without the N-terminal 
RGD sequence and the alNCl domain with and without RGD 
site from «3 chain. Recombinant NCI domains and chimeras 
(Fig. 1A) were expressed in HEK 293 cella to ensure proper 
folding and disulfide bond formation, as demonstrated in our 
previous studies defining conformational epitopes for GP anti- 
bodies (29, 30). The migration patterns of purified RGD-o3, 
RGD-al, and a3NCl domains on SDS-PAGE were in agree- 
ment with their expected molecular masses (28.4, 28-3, and 
27.2 fcDa, respectively). Moreover, the RGD-or3NCl and a3NCl 
domains were immunologically identical when checked by 
Western immunoblotting with conformational-dependent GP 
and Mab-3 antibodies (Fig. LB), confining that they were 
properly folded. 

Role of the Proximal ROD Site and NCl Domain in Endo- 
thelial Cell Adhesion to RGD-aSNCl—Owr previous data dem- 
onstrated differential activity of recombinant NCI domains of 
the six a-chains of type TV collagen for endothelial cell inter- 
actions (15). In the present study, dose-response curves for cell 
adhesion to these domains were measured to establish a foun- 
dation for subsequent experiments (Fig. 2A). Among the NCl 
domains, RGD-oiaNCl displays the strongest capacity in pro- 
moting HUVEC adhesion and spreading in a concentration-de- 
pendent and saturable manner, whereas alNCl has minim al 
effect. The adhesive activity of RGD-a3NCi was comparable 
with that of fibronectin (Fig. 2BX HUVEC adhesion and 
spreading on RGD-a3NCl was completely abolished by prein- 
cubation with EDTA (Fig. 2fl), suggesting that the adhesion is 
integrin-dependent. Similar results showing preferential cell 
adhesion to RGD-aSNCl were observed with three human 
tumor cell lines: HT-1080, PC-3, and MCF-7 (data not shown). 

The presence of the RGD sequence is a unique feature of 
RGD-a3 when compared with all other NCl domains. To ex- 
plore the functionality of the RGD site 4 as well as the non-RGD 
motifs within the a3NCl domain, we constructed recombinant 
chimeras for gain- and lossK>f-function. As shown in Fig. 3A, 
the RGD-a3 and c*3NCl domains were capable of supporting 
HUVEC adhesion in a dose-dependent and saturable manner, 
however, the a3NCl was only 54% as active as RGD-<*3NC1. 
Such a decrease upon the removal of the RGD site from RGD- 
n3NCl directly demonstrates the functional role of RGD in cell 
adhesion. In the case of the a3NCl domain, which has no RGD 
site, the remaining cell adhesion is clearly conferred by non- 
RGD motifs. To further support the role of the RGD site, we 
used the alNCl domain and RGD-alNCl chimera (Fig. 3£). 
Although cell adhesion to the alNCl domain was minimal, the 
introduction of a RGD site in RGD-olNCl strongly increased 
its HUVEC adhesion activity to a level higher than cc3NCl, 
albeit not to that of RGD-a3NCl (Fig. 3B>. Thus, our results 
demonstrate the activity of both the RGD site and the non-RGD 
motifs of the NCl domain in cell adhesion to RGD-a3NCl 
by the gain^f-function (RGD-al NCl) and loss-of-function 
(a3NCl) approaches. Moreover, our data indicate that tihe RGD 
site plays a dominant role in cell adhesion. 

Identity of HUVEC Integrin Receptors for the RGD-a3NCl 
Domain — To determine the identity of inte grins that may bind 
to the RGD-a3NCl and act as mediators of endothelial cell 
adhesion, we used the direct approach of affinity chromatogra- 
phy. HUVEC membrane proteins were labeled with an imper- 
meable biotin label and «nhihi1i7:f»rl with nr.tvlcrhirrafrfo »nH fho 
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Fio 2 Effect of recombinant NCl domains of type IV collagen 
on endothelial cell adhesion. A, NCl domains of type IV collagen 
«1; O, «2; RGD-«3, V, a4; ■> a5; □, 06) were coated 00 96-well plates, 
and HUVEC adhesion was determined after incubation for X h at 37 *C. 
Coating efficiency of all NCl domains determined by enzyme-linked 
immunosorbent assay with anti-FLAG antibody was eBBantially equal. 
Tbe data points represent the mean absorbance ± S.D. of triplicate 
wells. B> phase contrast photographs of HUVEC after incubation for 1 h 
at 37 °C on wells coated with BSA (panel a), 10 jAgfaal of fibronectin 
(panel b) y or 20 fie/mi of RGD-aSNCl in tbe absence (panel c) or tbe 
presence of 10 fflM EDTA (panel d) (original magnification 200*). Note 
the round morphology of nOnattached cells in panels a and d. 

tation of the EDTA eluate from an affinity column with specific 
antibodies revealed the presence of and smaller amounts 
of o^As integrin heterodimers (Fig. 4A). This suggests either a 
higher affinity of o^g integrin toward the RGD-a3NCl when 
compared with or alternatively, it may result from a 

somewhat lower expression level of integrin (Fig. 4£), 
Molecular masses of integrin heterodimers under nonreducing 
conditions were about 160 (oj and 95 (0 3 and 0 e ) kDa, which 
are in agreement with those reported by others (32, 33). With 
the exception of oJ3 e , other integrins including aj? l> a^, and 
a s 0 x were also abundantly expressed in endothelial cells (Fig. 
4B) but were not detected in the fraction eluted with EpTA 
from affinity column* These results demonstrated a specific 
interaction between c^flg and oj3 6 integrins and the RGD- 
oc3NCl domain. 

Relative Contributions of o^fo and a^fo Integrins to Cell 
Adhesion — To determine the functional significance of 0^0$ and 
integrin binding to the RGD-oc3NCl domain in endothelial 
cell adhesion, we examined the effect of integrin blocking an* 
tibodies. Cell adhesion to the RGE>-«3NC1, RGD-alNCl, and 
a3NCl domains was strongly inhibited with afy/3 a blocking an- 
tibodies (Fig, 5A). Surprisingly, ci^P 5 antibodies had no inhib- 
itory effect, either alone or in combination with a^fo antibodies, 
suggesting that a„,/3 5 plays a niinor role, if any, in endothelial 
cell adhesion to the RGD-«3NCX domain. Neutralizing antibod- 
ies to a 5 and fa integrin subunits blocked HUVEC adhesion to 
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Fig. 3. A, HUVEC adhesion to RGD*«8 and aSNCl domains. The 
wells were coated with. RGP-<*3 (•), ?3 (O) or al (T) NCI domains, and 
adhesion assay was performed as described under "Experimental Pro- 
cedures.* The data points represent the mean ateorbance ± S,V, of 
triplicate wells. This experiment was repeated four time a with similar 
results. ft HUVEC adheBion to RGD-«8 and RGD- «1 NCI domains. The 
wells were coated with RGD-o3 (•), RGD-ol (O), or ol (T) NCI domains. 
The data points represent the mean absorbattOe ± SB. of triplicate wells. 
This experiment was repeated five times with similar results. 
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FIG. 5. Effect of integrin antibodies on the HUVEC adhesion to 
NCI domains* A, inhibition, of HUVEC adhesion by a^ft antibodies. 
The wells were coated with RGD-a3 (♦), RGD-ni (O), or aSNCl (▼) at 
10 fig/jnl. Integrin o^ft neutralizing antibodies (LM-609) were prv in- 
cubated with cell suspension for 30 min before adding to the wells. B t 
effect of ft, « e , and ovft antibodies on HUVEC adhesion to RGD- 
aSNCl. The wells were coated with RGD^3NCl (10 ^g/uA\ ebronectin 
(3 ^g/ail), or type TV collagen from Engelbrath-Holm-Swarm tumor cells 
(2.5 /n^ml). HUVEC were preincubated without (lane O or with 10 
u^/ml of a„ (BUG2X ft (AIIB2), or o^ft (PXF6) integrin blocking anti- 
bodies alone or in combination with ^ft (LM-609, 1 ug/ml). The data 
points/bars represent the mean absorb ance ± SJD. of triplicate wells. 
These experiments were repeated three times with similar results. 




Contribution of the RGD and Non-RGD Motif* for Binding of 
Purified o^fo and o^fo Integrins to RGD- aSNC 1 — The func- 
tionality and relative contribution of RGD and non-RGD motifs 
of the RGD-or3ttCl domain for binding to ctyfa and 0^0$ was 
determined by solid phase binding assays using purified inte- 
grins. The results show that oj3 3 binds to both RGD-oc3NCl 
and aSNCl domains in a dose-dependent and saturable man- 
ner (Fig. OA). However, the binding capacity of a3NCl is only 
25<& of that for the RGD-a3NCl domain, indicating a strong 
contribution of the RGD site. Likewise, when the RGD site is 
attached to the alNCl in the RGD-alNCl chimera, the o^ftj 
binding is greatly increased over that of ctlNCl domain (Fig. 
SB). The$6 results reveal that the RGD site is a major contrib- 
utor in 0^03 binding to the RGD-a3NCl domain and that the 
non-RGD rnottfa within the aSNCl domain also contribute to 
binding, but to a leaser extent. The functionality of the non- 
RGD motifs is further evident by the greater binding to the 
aSNCl domain over that of o4NCl as well as the RGD-<*3NC1 
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FiG. Identification of HUVEC integrins bound to the RGD- 
oeSNCl column. A, tmmunoprecipitatio^ of th* fraction fluted from the 
RGD-a3NCl column with EDTA with normal mouse IgC (lane X) or 
integrin antibodies to ^ft (lane 2\ (Ian* 3), ft dan* 4), and ^ 
(tdJie 5). Molecular masses of protein markers in kDa are indicated on 
the left. B t direct immun opre dpi ta tion of biotinylatod HUVEC mem- 
brane proteins with integrin antibodies to cxj3 s (lane I), a J3 S (lane 2), 
c^ft (tone 3). a 2 (lane 4)> a s (lane 5), and ft (lane 6). 

bination with c^ftj antibodies (Fig. 55). Hence, HUVEC adhe- 
sion to RGD-a3NCl fa nredominatelv* if not exclusively, medi- 
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Fig. 6. Binding of purified integrin to immobilized NCI 
domains. A, analysis of the integrin binding to RGD-aS (#) and a3 
(O) NCI domains. Immobilized proteins were incubated with purified of 
aJZ* integrin for 2 h at 30 "C, and bound integrin was detected with 
o^-gubunit specific antibodies. Specific binding wafl calculated aa the 
difference of integrin binding without and with 10 mM EDTA. The data 
represent the means ± S.D. of triplicate wells. The curved lines are the 
results of hyperbolic nontinear fitting. This experiment was repeated 
three times with similar reBulta. B, binding of <*J3 8 integrin to oti and 
RGD-arLNCl domains, binding was calculated as the difference of 
integrin binding toNCl domains without and with 10 dim EPTA and is 
expressed as percentages of binding to RGD-a3NCl domain. The data 
shown are the means ± S.E. of four independent experiments. 



In similar experiments with purified «v/3 8 integrin, the bind- 
ing to RGO-a3NCl was significantly lower compared with a v 0 3 
(3B.5#> averaged from four experiments), despite equal binding 
of both inte grins to vitronectin, Deletion of the ROD site fur- 
ther decreased c^fa binding by 55% when compared with the 
RGD-a3NCl domain, indicating that the ROD motif is a bind- 
ing site for both «v0a and integrias. In addition, no bind- 
ing was detected of purified ct 1 /5 ll <* a j3i,» or o a ]3i integrins to the 
RGD-a3NCl domain under the same renditions (data not 
shown). 

Contribution of the Two Non-RGD Motif & of the a3NCl Do- 
main in Cell Adhesion and ot o p 3 Integrin Binding — Utilizing 
short linear peptides, two RGD -independent sites within the 
a3NCl domain have previously been shown to promote adhe- 
sion and inhibit proliferation of endothelial and tumor cells. 
These sites correspond to residues 56-75 (designated peptide 
T3) and 185-203 of aSNCl domain (17, 18). Biological activity 
of both peptides was shown to be dependent on a v £ 3 integrin 
binchng. Herein, we designate these two integrin-binding sites 
as non-RGD motife. Using these two peptides, we addressed 
w)i*»t.hAr either ar both non-RGD motifs account for full cell 
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Fig. 7. Effect of synthetic peptides on HUVEC adhesion to 
odNCl toad RGD-«3NC1 domains. The cells were preincubated with 
20 ftM Of T3, 185-203, or RGD peptides for 30 min and added to wells 
coated with «3NC1 or RGD-ctfNCl domains (10 jx^ml). HUVEC adhe- 
aion was expressed as percentages of maximal binding in the absence of 
peptides {kin* c). The data points represent the means £ S.E. of three 
independent experiments, 

domain (Fig. 1A). HUVEC adhesion to the a3NCl domain was 
only partially (30#>) inhibited by T3 peptide, whereas peptide 
185-203 had no effect even at ~100-fold molar excess of soluble 
peptides over the immobilized a3NCl domain (Fig. 7). At the 
same concentration, both peptides had no effect on cell adhe- 
sion to the RGD-a3NCl domain. 

The effect of T3 and 185-203 peptides on integrin binding 
was directly determined using solid phase assay. Binding of the 
<x v /3b integrin to the immobilized «3NC1 domain whs competi- 
tively inhibited by an excess of soluble ac3NCl with an IC TO of 
-0.1 /xm (Pig. 8A). The inhibitory effect of T3 and 185-203 
peptides was lower, with an IC 50 in the low micromolar range. 
The difference was even more pronounced for a^P^ binding to 
the RGD-a3NCl domain (Pig, $B), where both peptides showed 
only partial inhibition^ consistent with the major contribution 
of the RGD site for binding- Simultaneous addition of both 
peptides did not cause further inhibition of integral binding 
(data not shown). Thus, the inhibition of or v /3 a binding to both 
a3NCl and RGD-cr3NCl domains by T3 and 185-203 peptides 
was at least 10-fold less potent than by whole recombinant 
proteins. Taken together, out data indicate that the two non- 
RGD peptides do not fully mimic the cell adhesive and integrin 
binding activity of the «3NC1 domain, from which they are 
derived. 

ROD Peptide Inhibits Cell Adhesion and a v fo Integrin Bind- 
ing to RGD-<x3NCI and ac3NCl Domain— Given the feet that 
the RGD is a potent inhibitor of mtegrin-mecHated cell adhe- 
sion to several extracellular matrix proteins, the effect of sol- 
uble RGD peptide on cell adhesion and ot^g integrin bind- 
ing was measured. RGD peptide at 20 jim strongly inhibited 
HUVEC adhesion to both aSNCl and RGD-o:3NCl domains 
(Fig. 7). Furthermore, cell adhesion to T3 and 185-203 peptides 
immobilized on solid phase was also strongly inhibited, by the 
soluble RGD peptide (data not shown). 

We also used a solid phase Hgand binding assay to directly 
assess whether soluble RGD could inhibit binding to the 
RGD-a3NCl domain. RGD peptide, at concentrations aa low as 
0.1 fiM, completely abolished the binding of <^£ 3 integrin to 
both RGD-a3 and «3NC1 domains (Fig. 9), indicating that 
integrin binding is significantly more sensitive to the RGD 
peptide compared with HUVEC adhesion- The inhibition by T3 
and 185-203 peptides was at least 400-fold less efficient than 
RGD suggesting a higher affinity of o^/3 3 integrin for RGD 
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Fig. 8. Inhibition of c^ft, integrin binding to immobilized 
orSNCl and RGD-o&NCl by soluble NCI domains and synthetic 
peptides. A, integrin (1 A^g/ml) was added to wells coated with 
&3NC1 domain after preincubation for 30 min with soluble aSNCl (■), 
T3 (O), or 185-208 (•) peptides. B, the wells were coated with RGD- 
«3NC1 domain, and integrin wae added after 30 min of preincu- 
bation with soluble RGD-oc3NCl (■), T3 (O), or 18£~203 (•) peptides. 

binding tveus calculated as the difference of integrin binding to NCl 
domains without and with 10 mM EDTA and expressed as a percentage 
of binding in the absence of soluble NCl domains or peptides. The data 
shown are the means ± S.E. of four independent experiroenta.. 

the effect of peptide* on binding of purified and 
in te grins to vitronectin, a known ROD-dependent Ugand for 
both mtegrins (34). As expected, the RGD peptide strongly 
inhibited binding of integrity to vitronectin- T3 and 185-203 
peptides only showed partial inhibition, further supporting the 
observation that both RGD and non-RGD motifs of RGD- 
cs3NCl may bind to the same site on integrin, albeit with 
a different affinity. Overall, these results indicate that both the 
proximal RGD site and the non-RGD motifa of the a3NCl 
domain interact with the RGD-binding site on the o^fo 
heterodimer. 

DISCUSSION 

Cell adhesion and the anti-angiogenlc activity of RGD- 
or3NCl domain has been ascribed to its interaction with <*v/3 3 
integrin on endothelial cells (15, 16). In the present study, the 
functionality of the RGD and non-RGD motils within the RGD- 
«3NC1 domain was assessed in the context of native protein 
conformation. Our results demonstrate a predominant role of 
the RGD site for endothelial adhesion and for bmding* of a^Ps 
and <X,p6 integrins. Moreover, we demonstrate that the two 
non-RGD peptides, previously identified as the a^p 3 integrin- 
binding sites of the aSNCl domain, are 10-fold leas potent in 
competing for mtegrin binding than the native protein, indi- 
cating the importance of additional structural and/or confor- 
mational features or the a3NCl domain for inteerin bin dine 
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FlO- 9. Effect of T5, 186-203, and RGD peptides on binding of 
and <xj$ a integrizis to aSNCl, RGD- a3 NCl, and vitronectin. 

Purified ^ft, or tafcegrins were added to welb coated with NCl 
domains or vitronectin (10 fAgfml) after preincubation for 30 min with- 
out any additives (lane c) or with T3, 185-203, or RGD peptides, ov£ a 
binding was calculated aa the difference of integrin binding to NCl 
domains or vitronectin without and with 10 mM EDTA and is expressed 
as percentages of binding in the absence of peptides. The bars represent 
the means 2: of tripbeate well*. This experiment was repeated 
three times with similar results. Note that the concentration of RGD 
peptide was <i00<-fold less than T8 or 185-203. 

contribute to the mechanisms of endothelial cell adhesion in 
the human vasculature and the anti-angiogenic activity of the 
RGD-«3NC1 domain. This finding of a functional RGD eite is 
contrary to a previous report (16); consequently, it impacts the 
understanding of the mechanism of cell adhesion and anti- 
angiogenic activity of the RGD-c*3NCl domain. 

We demonstrate by the gain* and loss-of-function approaches 
that the RGD site significantly enhances the inherent capacity 
of the a3NCl domain to support endothelial cell adhesion. 
Contrary to our findings, Maeshima et al. (16) reported that 
this RGD site is nonfunctional, based on the failure of a 20-mer 
synthetic peptide containing RGD to support adhesion and the 
lack of inhibition of cell adhesion to the recombinant RGD- 
a3NCl domain by the cyclic RGD peptide. Has discrepancy 
may relate to our use of recombinant proteins expressed in 
HEK-293 cells for native conformation, whereas the RGD- 
or3NCl domain expressed in Escherichia coli has an unfolded 
conformation (30), and low coating efficiency or sterical con* 
strains for short synthetic peptides immobilized on solid phase 
used in their studies. 
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mains is mediated by integrity This was initially shown 
for the RGD-<*3NC1 domain and its deletion fragments using 
integrin-blocking antibodies (15, 16), In the present study, the 
identity of KUVEC integrins that bind the RGD-«3NCl do- 
main was determined by the direct approach of affinity chro- 
matography. Among tho numerous integrina expressed on en- 
dothelial cells (S5), only ag3 3 and ct^g integrins bound the 
RGD-c*3NCl domain fa a divalent cation-dependant manner. 
Moreover, functional studies using blocking antibodies re- 
vealed that endothelial cell adhesion to both t*3NCl and RGD- 
n3NCl domain is mediated only by the <* r £ 3 integrin. 

The binding of a^ft, integrin to the RGD-«3NC1 domain 
involves interactions with both the proximal RGD site and 
non-RGD motifs within the &3NC1 domain. In solid phase 
binding assays, the ot v p a integrin bound to both the RGD- 
oc3NCl and to ot3NCl domains in a dose-dependent and satu- 
rable manner, but the RGD site enhanced the binding by 4-fold. 
These findings, together with results of adhesion studies, pro- 
vide strong evidence that (a) Oyftj integrin mediates endothelial 
adhesion to RGD-«3NC1 domain through binding to both RGD 
and non-RGD motifs and (6) the RGD site plays a dominant 
role in both integrin binding and cell adhesion. The function- 
ality of the RGD site is consistent with numerous reports on its 
role as a key binding motif for' multiple integrins, including 
0^03 (26, 36). Contrary to these findings, Maeshima et aL (16) 
found that the RGD B ite in the RGD-a3NCl domain (tumsta- 
tin) is nonfunctional for binding of a^fa integrin on the basis of 
adhesion studies alone, leading them to the conclusion that 
endothelial adhesion is mediated exclusively by a^fa binding to 
non-RGD motifs. ThiB disparity in findings and conclusions 
may relate to differences in experimental strategies (Bee 
above). 

The non-RGD motifs that bind a v j9 a integrin were previously 
mapped to two sites within the t*3NCl domain, residues 56-75 
and 185-203, with use of short linear peptides (17, 18). These 
peptides designated T3 and 185-203, Supported cell adhesion 
of endothelial and melanoma cells, respectively . However, as 
shown in the present study, only T3 had a partial capacity to 
compete with the whole NCI domain in cell adhesion assays, 
aad both peptides were 10-fold less potent in competing for the 
binding of ot^ integrin in solid phase binding assays. Thus, 
the two non-RGD peptides do not fuUy mimic the cell adhesion 
and integrin binding activities of the parental <*3NC1 domain, 
indicating that the mechanisms of ceU adhesion and integrin 
binding involvo additional residues and/or conformational fea- 
tures not present in the linear peptides. It is conceivable that 
the non-RGD motifs, in the form of short peptides, would not 
adopt the same 0-sheet conformation favorable for integrin 
binding, as they exist within the context of the native a3NCl 
domain (Fig. 1, C andZ>). Moreover, they are located at opposite 
sides of the NCI domain, suggesting the independent partici- 
pation of each motif in integrin binding. 

It has been proposed that the non-RGD motifs within a3NCl 
domain bind to a site on ^ integrin distinct from the RGD- 
binding pocket (16, 23), This suggestion was based on the 
absence of the effect of RGD peptides on cell adhesion to RGD- 
<z3NCl domain. Contrary to this finding, however, we found 
that the soluble RGD peptide strongly inhibits HUVEC adhe- 
sion and integrin binding, not only to RGD-a3NCl but also to 
the «3NCl domain. Similar to our results, an inhibitory effect 
of RGD peptides has been reported for several other <kPb h- 
gands lacking the RGD sequence, such as the C-terminal frag- 
ment of MMP-2 (37), cysteine-rich heparin-binding protein 
Cyr-61 (38), angiostatin (39), and plasmin (40). Therefore, both 
t.hft RGD and non-RGD mnfcif* nf+h* ROD->v3'Mf!1 rinmain mou 



2779 

integrin. Alternatively, these motifs may bind to distinct pock- 
ets within the c^fe heterodimer, which are allosterically inter- 
connected. For example, the existence of two distinct binding 
pockets has been shown on a nx fi 3 integrin for the RGD and 
non-RGD peptides of fibrinogen (41, 42). Moreover, RGD li- 
gands are capable of ct nb j3 3 binding even when it is already 
occupied by fibrinogen. Thus, if similar binding sites exist 
within c^fa for RGD and non-RGD motifs of RGD-a3NCl, they 
are likely to he mutually dependent as supported by our obser- 
vation that non-RGD peptides T3 and 185-203 inhibit a v /3 3 
binding to both ot3NCl and ths RGD-dependent ligand 
vitronectin to a similar extent. 

The a3 chain of type IV collagen is a major component of the 
basement membrane that underlies the endothelium of glomer- 
ular and alveolar capillaries. Our finding that and 
integrins directly interact with a3NCl domain provides insight 
into the possible endogenous function of the «3 chain. For 
example, in the glomerular basement membrane the a3NCl 
domain, as a part of the a3*a4*a5 network, could play a role in 
the attachment of endothelial cells, which express ajSg integrin 
(43), contributing to glomerular integrity and ultrafiltration 
function. However, the accessibility of the non-RGD motifs for 
"vfe integrin within the collagen IV network of basement mem- 
brane is still unknown. Homology modeling based on the crys- 
tal structure of native al.«2 NCI hexamer (44) suggests that 
non-RGD mtegrin-binding motifs of the a3NCl domain could 
be buried within the a3-a4'«5 hexamer and therefore not ac- 
cessible for binding. It should be noted that among, the known 
mammalian sequences, the RGD site proximal to «3NC1 do- 
main is unique for the human species. Location of this site 
within the triple-helical domain of collagen molecule makes it a 
poor candidate for integrin binding. The triple helical domain 
of al*o£(IV) collagen, which has 11 different RGD sites, does 
not bind c^p integrin (45). However, phosphorylation of a ser- 
ine residue immediately adjacent to RGD sequence observed in, 
vivo indicates that the secondary structure of this region could 
be different from triple helix, suggesting that this RGD site 
may be accessible to cellular receptors (46), 

Our finding that the RGD motif plays a critical role in endo- 
thelial cell adhesion strongly suggests that it contributes to the 
an fci- angiogenic or anti-tumor activity of the RGJD-a3NCl do- 
main. This is supported by the capacity of RGD peptides to 
inhibit angiogenesis and tumor growth (47-49), presumably 
because of their interference with the adhesion and migration 
of endothelial cells to extracellular matrix proteins (50). In 
addition, the RGD site may facilitate targeting of a3NCl do- 
main to tumor blood vessels, as has been shown for RGD- . 
containing conjugates, such as doxorubicin or monoclonal an- 
tibodies (61, 52). 
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